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S  U  K  A  R  Y 

The  need  for  ar.  engineering  material  with  good  mechanical  properties  and 
stability  for  service  in  gas  turbines  at  temperatures  of  the  order  of  1200^ 
has  led  to  the  study  and  development  of  silicon  nitride  for  this  puiposSf 
This  material,  although  brittle  at  room  temperature,  has  excellent  oxidation  I 
resistance,  comparatively  good  thermal  shock  resistance,  and  adequate  creep  j 
strength  at  the  temperatures  involved  if  stiffened  with  a  very  fine  dispersion  | 
of  silicon  carbide  which  may  bo  incorporated  during  the  reaction  sintering 
production  process. 

Methods  for  producing  the  material  in  suitable  form,  and  in  the  beat 
^ysical  state  for  engineering  designs,  hove  been  evolved,  and  the  properties 
of  the  material  have  been  full.y  explored  by  laboratory  evaluation  and  field 
trials. 

If  the  characteristics  of  the  material  are  taken  into  account  during  its 
application,  it  vi’ill  provide  a  much  needed  and  valuable  contribution  to  the 
presently  available  high  temperature  materials.  Its  usefulness  promises  to 
extend  far  beyond  the  ap  lications  originally  envisaged.  Some  of  these  fields  , 
of  application  are  described  and  others  suggested. 
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STUDY  AND  AKPLICATION  OF  SILICCT?  NIIRIIE  AS 
A  HIGH  mPaPATURE  MATERIAL 


1.  INTRODUCTION 


Advances  in  gas  turHine  and  rocket  design  are  now  demanding  engineering 
materials  with  good  mechanical  properties  at  temperatures  in  excess  of  1000^^, 
a  figure  which  is  generally  considered  to  approach  the  upper  limit  of  high 
temperature  alloy  development.  Some  hope  is  still  entertained  that  molyhdenum- 
or  niobium-liased  alloys  can  be  developed  with  sufficient  self-  or  surface- 
induced  resistance  to  high  temperature  oxidation  in  order  that  their  good  creep 
properties  may  he  exploited  at  such  temperatures.  Considerable  effort  has 
also  been  spent  in  an  endeavour  to  produce  mixtures  of  ceramics  and  metals 
(cermets)  in  order  that  the  refractoriness  of  the  one,  and  the  ductility  of 
the  other,  may  be  combined  to  produce  a  ductile  material  with  good  creep  strength 
and  oxidation  resistance  at  these  high  tor.5)eratures.  A  summary  of  the  proper¬ 
ties  of  a  number  of  high  temperature  materials  developed  in  the  United  States 
of  America  since  World  ar  II  is  given  in  (Navy  Staff  Report) 

Sci  Ad  3l*/52,  which  also  provides  information  on  a  number  of  intermetallio 
and  refractory  compounds. 

So  far,  no  material  had  yet  been  found  which  satisfied  all  conditions 
liable  to  be  encountered  in  service  at  these  temperature  levels.  Where 
stability,  oxidation  resistance  and  creep  strength  of  the  refractory  type  com¬ 
pounds  were  found  to  be  adequate,  the  results  were  invariably  invalidated  by 
lack  of  resistance  to  thermal  shock.  An  experimental  programme  was  therefore 
oommenced  in  1956  which  was  aimed  at  finding  material  v/hich  wculd  satisfy  all 
conditions  demanded  by  gas  turbine  nozzle  guide  vanes  operating  at  temperatures 
of  the  order  of  1200°C. 

A  nuxiber  of  intermetallio  oompotuuis  and  cermets  were  prepared, but  v/hile 
some  of  those  had  good  oxidat ion  resistance  at  1 200°C ,  they  were  invariably 
brittle  at  room  temperature,  and  all  of  tlien;  had  poor  resistance  to  thermal 
shock  except  eilioon  nitride.  Details  of  this  preliminary  work  are  given  in 
A.iuL.  Report  No.  ,V74(S).  It  \/as  decided  to  accept  the  room  temperature 
brittleness  of  silicon  nitriae  and  to  concentrate  upon  its  further  study  and 
development.  irorkers  at  the  British  Ceramic  Research  Association  had  also 
found  that  silicon  nitride  has  good  oxidation  resistance, and  a  low  coefficient 
of  thermal  expansion, v/itn  conRequent  high  resi storice  to  thermal  shook,  and  have 
reported  other  properties.^’*' 

Preliminary  thermal  shock  tests  ware  conducted  on  silicon  nitride  by 
plunging  samples  repeatedly  heated  to  1000^0  into  cold  water.  The  material 
stood  up  to  these  tests  without  sign  of  failure,  and  this  was  sufficiently 
encouraging  to  v/arrant  f\irther  development.  /m  atteii5>t  was  then  made  to 
produce  samples  of  the  highest  possible  density  and  in  the  optimum  physical 
condition,  and  to  evaluate  their  physical  and  mechanical  properties.  Subse¬ 
quently,  the  creep  strength  of  pure  silicon  nitride  at  1200°C  v/as  found  to  be 
inadequate,  and  effort  v/as  then  directed  towards  improving  this  without  sacri¬ 
ficing  the  other  good  high  temperature  properties. 

2.  THE  NITRIDING  OF  SIUCCN 


The  nitriding  of  silicon  is  brought  about  by  heating  the  element  in  an 
atmosphere  of  nitrogen  for  a  period  of  time,  at  temperatures  above  1200*^. 

If  lump  silicon  is  used,  the  reaction  is  confined  to  the  surface, and  only  a 
thin  layer  of  nitride  is  formed  in  the  manner  shov.-n  in  Fig.  1 .  It  may  be  seen 
that  this  layer  apparently  consists  of  two  distinct  phases  which  exhibit  free- 
growing  hexagonal  forms.  These  two  phases  are  probably  and  ^  hexagonal 
silicon  nitride  v/hich  have  slightly  different  lattice  dimensions.  Identific¬ 
ation  of  the  two  separate  phases,  and  agreement  on  the  precise  conditions  un^er 
v/hich  they  are  formed,  has  been  the  subject  cf  several  recent  papersv^j  5,  °/, 
Thet><  phase  js  claimed  to  be  produced  by  nitridinc  at  tenroeratures  between 
120Cfand  1A00  0,  while  the  y3  phase  is  formed  by  nitriding  at  temperatures 
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above  1450®C»  A  transformation  of  •CtoyS  is  said  to  take  place  when  th-' 
former  is  heated  above  1553°C.  This  transformation  does  not  appear  to  take 
place  easily  in  the  presence  of  uncombined  silicon  at  temperatures  belo'^ 

When  compacted  powder  is  used,  the  enormous  increase  in  specific  surface 
enables  the  nitriding  process  to  be  taken  to  completion  in  a  reasonable  time, 
the  weight  gain  corresponding  closely  to  the  formula  Si3Nj4..  The  nitriding 
process  appears  to  be  associated  \/ith  the  diffusion  of  nitrogen  into  the  silicon 
po'ijder  and  at  temperatures  over  1200"C  results  in  the  gro’i/th  of  an  inter¬ 
penetrating  matte  of  SijJJii^  crystals  frofii  adjacent  .silicon  particles.  This 
matte  fills  the  pores  of  the  po-./der  compact,  then: '  y  imparting  meonanioal 
strength,  and  as  it  is  micro-porous  it  peindts  the  continuous  diffusion  of  nitrogen 
to  the  interior.  The  rate  of  tne  reaction  is  tei . .-orature  dependent,  as  can 
be  seen  from  Pig.  2,  v/hich  gives  the  rate  of  nitro-en  absorption  for  a  200-mesh 
pw/der  compact  at  123o,  1350  and  1450^0  over  periocis  of  time.  Apart  from  the 
obvious  significance  of  particle  size  and  packing  coefficient,  these  rates  are 
influenced  jxlso  by  the  shape  of  the  compact,  as  rry  be  seen  from  the  t>.’o  tests 
at  1350°C  on  saiiplcs  having  different  areal  dimensions  per  unit  mass. 

It  may  be  seen  from  i'ig.  2  that  nitriding  is  complete  in  a  comparatively 
short  time  at  1450*^,  wneroas  many  hours  are  required  at  lower  tecf'ratures. 

As  the  highest  of  these  temperatures  is  above  the  melting  point  of  silicon 
(1420*^)  a  preliaunary  reaction-sintering  operation  at  tenporatures  between 
1250  and  1350®C  is  necessary  so  that  tne  collapse  of  the  po\/der  into  a  molten 
pool  may  be  avoided.  This  operation  produces  a  rigid  net\.'ork  \/hicn  retains 
the  unoombined  silicon  and  thus  permits  a  gas-solid-liquid  reaction  at 
temperatures  above  the  melting  point  of  silicon,  the  nitrogen  being  transported 
to  the  central  areas  through  the  now  intercommunicating  silicon  nitride  matte. 

The  fairly  rapid  reaction  \/hich  takes  place  at  1450^  results  in  the  conversion 
of  all  the  remaining  silicon  to  a  consolidated  form  of  silicon  nitride  having  a 
such  greater  hardness  and  density  than  that  of  the  matte.-  produced  by  solid-state 
reaction  at  the  lower  temperature.  The  relative  hardnesses  of  the  silicon 
nitride  matte,  the  consolidated  silicon  nitride,  and  the  unoombined  silicon,  may 
be  observed  by  raicrohardness  tests j  this  subject  is  discussed  in  detail  later* 
Various  stages  in  tlie  nitriding  oi'  silicon,  which  ij-.s  teen  termed  a  'reaction- 
sintering  process',  are  illustrated  in  Tig.  3(s)-(e).  I^olonged  reaction- 
sintering  at  temperatures  belc-.<  the-  m--lting  point  of  silicon  also  results  in 
the  production  of  a  skeleton  of  consolidated  silicon  nitride,  as  shenm  in 
Fig.  3(d).  It  can  thus  he  seen  that  v.arious  tmmes  of  reaction-sintering  at 
tempera-tures  below  and  above  the  molting  point  of  s-ilicon  will  result  in  quite 
different  internal  struotivrcs  in  the  resulting  silicon  nitride.  A  very  long 
reaction-sintering  belo\.-  140C'^  •.(•ill  produce  an  extremely  dense  matte  and 
ultimately  a  hard  skele-ton  of  silicon  nitride  crystals,  whereas  a  short  two- 
stage  reaction-sintering  process  at  1 350°C  .and  145-O^C  will  produce  a  softer 
matrix  of  the  silicon  nitride  matte  in  which  are  dispersed  islands  of  hard, 
consolidated  silicon  nitride.  The  density  of  the  fuliy  sin-tered  material  will 
be  the  same  in  eacn  case. 

The  nrolongcd  reaction-.sintering  times  required  for  the  complete  ni-fcriding 
of  compacts  of  silicon  ponder  at  temperat'u-os  be].o\'  its  uod.ting  point  are 
unrealistic  for  production  purposes.  The  fo'JJcwJi:;-.  convenient  reaction-sinter¬ 
ing  schedule  \/as  devised,  therefore,  and  adopted  for  a.i^nnequent  studies  of  the 
properties  of  silicon  nitride. 

Stage  I.  Nitriding  of  the  compacted  powder  is  carried  out  bela/  the 
melting  point  of  silicon  at  a  temperature  of  for  periods  up  to 

16  hows.  This  produces  an  intercor-imunicating  silicon  nitride  ne-fcwork 
but  the  reaction  rate  gets  progressively  slower  as  -the  silicon  nitride 
matte  thickon.s. 

Stage  II.  Nitriding  is  then  continued  above  the  melting  point  of  silicon 
at  a  tcc5)er.ature  of  approxii.^r.tely  1450°C  for  tha?ee  or  four  hours  in  order 
to  convert  .;all  remaining  silicon  completely  to  nitride. 

The  swface  of  nitrided  silicon  pov/der  is  in^/ariably  covered  ,.it.i  a  ./hiti. 
wool-like  substance-  as  sno\/n  in  Pig.  4*  At  higher  magnifications  this  may  be 
resolved  into  numerous  single-crystal  \/hisKcrs  of  silicon  nitride  (Pig. 5). 
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It  is  pictured  that  the  matte  between  silicon  particles  in  the  body  of  partially 
re:*cted  powder  is  an  intor-penotratinf  mass  of  these  single  crystals  which 
eventually  merge  with  prolonged  nitri^g  at  temperatures  above  1  ^OO'-'C^ 

When  sectioned,  silicon  nitride  has  a  mottled  grey  appearance,  and  if  o^^gen 
is  present  during  the  nitriding  operation  another  phase,  which  is  possibly  ^hite 
silicon  oxynitride'^\  is  found  to  be  present.  Unreacted  silicon  may  be 
identified  as  glittering  particles  on  a  fractured  suiface,  or  as  islands  of  a 
bright  phase  in  polished  microseotions.  She  si.  -.cture  and  constitution  of  the 
material  is  described  in  more  datail  later. 

The  silicon  used  for  this  investigation  cor.’.:.inel  about  Zs  impurity  which 
was  mainly  iron  and  oxygen.  /uialysis.  by  the  Laboratory,  Sheffield,  of 

silicon  nitride  produced  by  nitriding  this  grade  of  silicon  powder  gave  the 
following  figures 


Total  Silicon  59.355 

^fitrogen  39*2 1 

Iron  .9- 

Aluminium  .Of.j 

Oxygen  .A;-'. 


It  was  therefore  ooncludoci  tiv. ;,  apert  from  a  3i,r.  L  amrsnt  of  iron  oxide,  the 
silicon  nitride  \/as  reasonably  pure  oneor : dican y  contains  60.2Vo  of 

silicon  and  39t7&/o  of  nitrogen). 

Commercial  nitrogen  was  used  in  the  first  e:rperinicnts ,  any  oxygen  present 
as  impurity  being  removed  by  passing  the  gas  over  copper  gauze  heated  at  600^. 
Moisture  was  removed  by  parsing  the  gas  through  a  calcium  chloride  tower  and 
finally  over  phosphorus  pentoxide.  Purer  nitrogen  (i.'hite  Spot)  was  substituted  | 
for  commercial  nitrogen  for  later  experiments , thus  enabling  the  purification 
train  to  be  simplified,  the  gas  being  passed  over  phosphorus  pentoxide  only, to 
remova  traces  of  moisture. 

3.  EQUIPMENT  FOR  THE  NITRIDi:\G  OF  Sir;':CaN 


The  equipment  used  for  tho  production  of  the  silicon  nitride  is  shown 
diagrammatically  in  Pig.  6  and  photographically  in  Pig.  7»  It  consists 
essentially  of  a  non-porous  refractory  reaction  tube  (re-crystallised  alumina 
or  mullite),  closed  at  one  end,  which  is  located  in  the  centre  of  a  cluster  of 
crusilite  resistance  heating  elements  which  are  capable  of  raising  the  temper¬ 
ature  of  the  central  portion  of  the  reaction  tube  to  150(^»  ^  temperati^e 

control  system  is  arranged  so  that  a  hot  zone  about  5"  long  can  be  maintamed 
to  within  +  5°U  for  long  periods.  The  open  end  of  the  reaction  tube  (vfhich 
for  the  work  described  in  this  report  was  3"  in  diameter)  was  sealed  with  a 
water-cooled  'O'  ring  vacuum  end-cap  provided  v/ith  ports  to  accommodate  thermo¬ 
couple  sheaths  and  gas  entry  and  disc'narge,  A  stainless  steel  heat  barrier 
was  provided  between  the  hot  zone  and  the  end  caps. 

Provision  was  made  for  the  evacuation  of  the  furnace  tube  prior  to  the 
introduction  of  tn.e  nitrogen  atmosphert.,  which  vr  ;  then  uai:.:ained  in  che 
reaction  tube  at  a  positive  pressure  of  iiround.  &  The  cilicon  po'wdor  was 

held  either  in  alumina  boo;o  or  as  powfer  cempre..' ei  supported  upon  grooved 
alxxmina  or  silicon  nitride  tiles.  Kixiting  and  cooling  cycles  were  protracted 
in  order  to  reduce  furnace  como'^nent  doterioratj.rn  to  a  minimum. 


A.  TliE  PROmCTIOT  OP  SiL'J^S 


ci3  c.n 


In  vrder  for  silico;';  nitride  to  be 

material  it  was  necessary  to  pioduce  it  in  suitable  shapes  and  in  the  best 
possible  physical  fjnd  mecliarjical  condition.  Mitriding  of  loose  silicon  pov/dci' 
supported  in  a  refractory  boot  gt^ve  it  some  mcohanical  strength,  as  may  be  seen 
from  Pig.  8,  b  t  the  resulting  product  is  very  porous  and  must  still  he  handled 
with  care. 
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In  order  to  improve  its  mechanical  properties  it  \/as  necessary  to  compact 
the  powder  before  nitriding, by  means  of  a  suitable  pressing  operation.  There 
is  an  optimum  degree  of  pov/der  consolidation  beyond  v/hich  homogeneous  reaction- 
sintering  becomes  difficult  and  prolonged, and  other  production  difficulties 
arise. 

The  compacting  of  silicon  pov7der  to  a  suitable  shape  is  most  conveniently 
done  by  cold-pressing  in  a  suitable  die  set,  Simplt,  cylindrical  or  rectangular 
dies  of  the  type  illustrated  in  Fig.  9  give  the  most  easily  controllable  means  of 
previding  even  povider  packing  during  the  pressing  opsratisn.  The  angular  nature 
of  the  hard  non-ductile  fine  silicon  powder  particles,  illustrated  in  Pig.  10, 
explains  its  resistance  to  Flow  under  die  pressure,  which  makes  the  use  of  deep 
and  intricate  die  shapes  impracticable.  Some  assistance  can  lie  given  to  flor.v 
by  mixing  into  the  powder  a  suitabJ.e  lubricant  before  loading  the  die.  This 
lubrication  also  gives  an  additional  'green'  strength  to  a  cold  pressed  shape. 

It  is  also  an  advantage  to  distribute  and  partially  consolidate  the  powder  in 
an  assembled  die  by  light  vibration  before  applying  pressure.  This  expels 
some  of  the  occluded  air  and  helps  to  ensure  a  unifort.,  density  before  the  load 
is  applied.  Dies  should  be  designed  to  a3J.ov/  the  ready  removal  of  the  'green' 
preosing  \thich  at  this  stage  is  extremely  delicate  and  therefore  prone  to 
damage  by  handlin-j.  If  possible,  the  'green'  pressing  should  be  extruded 
directly  on  to  its  firing  tile  so  that  it  itiay  be  put  into  the  reaction  chamber 
without  further  handling. 

In  earlier  experiments,  IQj  cetyl  alcohol  in  methylated  spirits  was  used 
as  a  binder  and  lubricant  for  obtaining  'green'  shapes,  and  satisfactory  results 
were  produced  Vy  using  2-3  ml  of  this  solution  with  every  10  g  of  200-me3h 
silicon  powder.  The  cetyl  alcehol  was  driven  off  in  the  early  stages  of 
nitriding,  leaving  some  free  carbon  in  the  furnace  tube.  Vfhen  it  v/as  desired 
to  produce  very  pure  silic'^n  nitride,  however,  the  use  of  this  lubricant  was 
considered  undesirable. 

Powder  pressings  made  v/ithout  the  aid  of  a  binder  are  very  weak  and  diffi¬ 
cult  to  handle,  but  it  has  been  found  that  moisture  can  be  employed  as  both 
binder  and  lubricant  in  the  production  of  satisfactory  'green'  pressings  which 
may  be  handled  from  the  die  to  the  tile,  the  moisture  then  being  removed  slowly 
by  air  or  oven  drying.  The  optimum  quantity  of  water  to  be  used  is  a  function 
of  the  particle  size  of  the  silicon  powder,  I'Ut  about  3  ml  per  10  g  of  200'^nesh 
material  has  been  found  to  give  satisfactory  results. 

OvTing  to  the  non-ductile  characteristics  of  silicon  powder,  it  was  found 
that  the  maximum  die  pressui-e  was  limited  by  the  necessity  fer  availing  the 
subsequent  occurrence  of  internal  cracks  in  planes  of  maximum  shear  stress. 

Such  internal  cracking,  which  inevitably  appears  at  excessive  die  pressures, 
persists  throughout  the  entire  reaction-sintering  process, and  is  still  present 
in  the  final  product  as  fissures,  the  surfaces  of  which  are  covered  with  a  white 
layer.  This  layer  is  possibly  silicon  oxynitride  formed  by  entrapped  oxygon 
escaping  along  the  preferential  paths  presented  by  the  cracks  during  the  early 
stages  of  nitriding.  The  .maxicum  pressure  which  may  be  applied  at  any  parti¬ 
cular  pressing  in  order  to  avoid  internal  fissures  must  be  determined  before¬ 
hand  by  examination  of  the  surface  and  fracture  appearance  of  sacrificial 
pressings.  Internal  fissures  are  readi'’y  identified,  as  may  bo  seen  from 
i'ig.  11.  Care  must  be  taken  to  avoid  local  distortion  and  cracking  v/hile  the 
'green'  pressing  is  being  renioved  from  tlie  die.  Using  water  as  the  tinder  and 
lubricant  it  is  possible  to  produce  'green'  shapes,  free  from  cracks,  with  loads 
up  to  4  t.s.i.  on  2CX)-nasn  silicon  a.nd  up  to  2  t.s.i,  on  vOO-mesh  silicon  in  a 
simple  rectangular  die.  Leads  as  lev/  as  1  t.s.i.  resulted  in  cracks  v/hen 
silicon  powder  v/as  pressed  in  the  same  die  without  the  addition  of  an  internal 
lubricant. 

It  is  nevertheless  possible  to  produce  'green'  pov/der  pressings  to  the 
geometrical  form  finally  required  provided  this  is  comparatively  simple,  and 
examples  of  such  shapes,  proviuced  and  fired  without  any  machining  operation 
v/hatsoever,  are  given  in  Fig.  12  (a  and  b). 
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Beaotion-sintered  silicon  nitride  is  difficult  to  ciachinej  it  is 
sufficiently  hard  to  cause  undesirably  heavy  wear  rn  orthodox  machine  teals, 
though  it  may  be  machined  by  diamond-impregnated  grinding  wheels.  A  more 
satisfactory  method  for  producing  intricate  shapes  consists  of  producing  a 
simple  stock  silicon  povvder  pressing  and  then  sintering  it  in  nitrogen  at  "h 
temperature  of  1 20093  for  an  hour  or  so  to  produce  a  loosely  sintered  product 
which  has  a  texture  sone\/hat  similar  to  that  of  soft  chalk.  The  extent  of 
reaction-sintering  at  this  stage  is  a  compromise  between  that  required  to  give 
the  material  sufficient  mechanical  strength  to  be  gripped  in  a  machine,  and  too 
much  hardness,  which  would  cause  gross  wear  of  machine  teols.  Afte"  this' 
loosely  ainter’ed  matcri'-l  has  been  machrned  to  the  finished  dimensions,  ’t  is 
rejiLaoed  in  the  reaction  chanier  and  nitrided  in  the  usual  manner.  Dimensional 
changes  observed  after  complete  reaction-sintering  ar.iamt  to  about  0.015?  shrink¬ 
age  and  may  therefore  be  considered  insignificant  for  most  practical  purposes. 
Ey  this  method  it  is  pcssible  to  produce  intricate  shapes  to  close  tolerances, 
and  examples  of  these  are  shown  in  Pig.  13  to  16. 

5.  ATTEMPTS  TO  IMPROVE  TH5  lEfSITY  OP  RE/.CTIC:1-5INIERED 
STDTnW  KTTR-mE 


The  true  density  of  silicon  nitride  is  3*2,  that  of  the  loosely  sintered 
powder  1.5,  and  that  of  the  cold-pressed  sintered  material  between  2.0  and  2.5. 
The  difference  between  the  theoretical  and  apparent  values  arises  from  the 
micro-porosity  which  remains  after  the  firing  operation.  Too  great  a  densi- 
fication  ''f  the  powder  in  the  cold-pressing  stage  resists  the  fomatien  of 
silicon  nitri.de  in  the  central  areas  during  the  standard  nitriding  2>rosufl8 
and  can  be  offaet  only  by  prolonging  unduly  the  reaction-ainterlng  operation. 
However,  it  was  reasonable  to  suppose  that  any  increase  in  density,  with  corres¬ 
ponding  reduction  in  micro-porosity,  would  result  in  an  improvement  in  the 
mechanical  properties  of  the  material.  The  following  attempts  ware  theref.-<'S  . 
made  to  see  if  the  average  density  of  2.2  cnuld  be  Improved  upon. 

(a)  The  die  pressure  was  increased  up  to  1 6  t.s.i.  by  employing  hydraulic 
pressure  on  the  outside  of  a  rubber  sac  containii^g  silicon  powder,  in  the 
manner  illustrated  in  Pig,  17.  After  a  prolonged  reaction-sintering 
operation,  silicon  nitride  having  an  average  density  of  2.5  was  obtained 
on  small  specimens. 

(b)  An  increasing  fineness  of  powder  particle  size  was  ei:5)loyed  with 
the  standard  pressing  technique  to  achieve  a  better  packing  coefficient, 
but  without  any  marked  beneficial  effect. 

(c)  Mixed  particle  sizes  were  employed  in  an  effort  to  improve  the 
packing  coefficient,  but  this  sho\/ed  little  improvement. 

(d)  Several  mixtures  of  200-mesh  silicon  nitride  and  silicon  powder  of 
the  same  fineness  were  cold  pressed  to  3?  t.s.i.  in  a  standard  die  set 
and  the  'green'  pressings  nitrided  in  the  usual  manner.  No  increaee  in 
density  v.as  obtained  and  subsequent  mechanical  properties  were  foond  to  be 
belo\,’  those  normally  expected  ftxjm  straight  nitriding  of  the  silicon 
powder. 

(e)  Densification  of  reaction-sintered  silicon  nitride  >vas  attempted  by 
heating  the  top  of  a  block  of  the  ouaterial  in  an  inert  atmosphere  for 

A  hours  at  abrut  1700°C.  A  reduction  in  cross  sectional  area  took 
place,  as  can  be  seen  from  Pig.  16,  but  as  the  density  of  the  reduced 
areas  remained  unaltered,  reduction  ^^as  assiimed  to  have  resulted  from 
partial  sublimcticn. 

(f)  Jittempts  were  made  to  hot-press  loose  silicon  nitride  powder  in  a 
silicon  nitride  die  under  a  pressure  of  I5  t.s.i.  for  10  minutes  at 
lAOO^^C  in  an  atensphure  of  nitrogen.  Although  some  compacting  took 
place  the  resulting  product  had  little  mechanical  strength. 
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(g)  Following  a  sugjjosticn  by  Abbejr^'for  increasing  the  rate  of  reaoticai, 

2?  caloiun  fluoride  was  incorporated  in  the  'green'  powder  pressing  as  a 
possible  catalyst  to  see  if  this  would  also  improve  densification.  Its 
influence  on  a  number  of  variations  of  the  standard  reaction-sintering 
procedure  was  studied, but  in  no  case  did  it  influence  densification  « 
niaterially,ani  its  presence  had  an  adverse  effect  on  stability  and  oxi¬ 
dation  resistance. 

6.  PROPERTIES  OF  SIUCOJ  NTTRinii; 

The  ohenical  and  physical  properties  of  silicon  nitride  have  boon  the 
subject  ef  witlr.  interest  for  some  years,  although  the  structure  of  its  crystal 
fcrms  has  been  ( stablished  only  comparatively  recently.  Little  er  no  inform¬ 
ation  was  hither’.'  available  on  the  mechanical  properties  of  this  material. 

(a)  Chemical  and  Physical  ProT)ertioa 

Its  dimensional  stability  and  oxidation  resistance  when  subjected 
to  temperatures  up  to  1400^0  are  excellent.  The  changes  in  weight  of 
a  number  of  silicon  nitride  samples  hold  at  1200^  for  100  hours  is  shown 
graphically  in  Fig.  19«  ^.fter  a  small  initial  gain  in  weight  which  tabes 
place  within  the  first  five  hours  there  is  no  further  change.  The 
inferior  oxidation  resistance  of  the  partially  nitrided  saqple  containing 
30.-  free  silicon  confirms  that  the  initial  gain  is  probably  due  to  the 
oxidation  of  a  small  amount  of  unreacted  silicon  in  8iu*face  Imtyers  to 
silica. 

Silicon  nitride  is  not  vretted  by  any  of  the  common  metals  and  there¬ 
fore  it  has  not  yet  been  found  possible  to  everoome  its  porosity  by  infil¬ 
tration  methods.  It  is  not  attacked  at  roem  temperature  by  gases  con¬ 
taining  sulphur  or  chlorine, and  it  is  resistant  to  attack  by  most  acids. 

It  is  more  resistant  to  hydrofluoric  acid  than  silica  but  can  be  decomposed 
by  this  acid,  or  by  potassium  hydroxide  at  temperatures  around  ifOO^CJ. 

It  is  attacked  by  sodi.tun  chloride  and  vanadium  pentoxide  at  temperatures 
of  about  ICOO'^. 

The  apparent  density  of  reaction-sintered  silioon  powder  compacts 
is  around  2.2,  v/hich  is  about  two-thirds  of  the  true  density  of  silicon 
nitride  (3.2)4 

The  coefficient  of  linear  expansion  of  silicon  nitride  is  low,  and  is 
recorded  as  2.5  x  10“6  ever  the  range  20‘^-1000‘t(3),  Thermal,  conduct¬ 
ivity  at  an  apparent  density  of  2.2  is  given  as  0.0037  o.g.s.w)  and 
electrical  resistivity  when  dry  is  about  1.4  x  10'  ohm-om.  (as  measured 
an  several  samples  at  /..la.L. ). 

(b)  Mechanical  Properties 

(i)  Young's  Modulus.  Jci  average  value  for  Young's  ix>dulu8  for  sili.rf-;  nitridt 
..ith  a  density  of  2.2  is  4,000  tons/sq.inch  at  room  temperature  and 
approximately  the  same  value  at  10C0°C. 

(ii)  Transverse  Rupture  Strength  The  transverse  rupture  strength  wf 
reaction-sintered  silicon  nitride  compacts  was  measured  on  a  three-point 
loaded  beam  at  room  tempera  tui-e  and  at  1200*^  on  a  number  of  samples  with 
different  bulk  densities.  The  results,  v/liich  are  given  ^  Table  I,  com¬ 
pere  favourably  vdth  those  already  published  by  Vas3iliou(^ )  and  Collins 
and  Gerbv^^', 


Table  l/. . . 
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Transverse  Ru.^ture  Strength  of  o  Number  of  Samples  of 
Silicon  Nitride  of  Varying  Density  and  Composition 


Pressing 

Pressure 

(t.s.i.) 

Bulk 

Density 

Transverse  Rupture 
Strength  at 
1200<^  (t.s.i.) 

Transverse  Rupture 
Strength  nt 

Room  Temj).  (t.s.i.) 

16* 

2.5 

13.0 

9.79 

if 

2.25 

7.12 

6.87 

Silicon 

Nitride 

2 

2/ 

2.10 

2.10 

6.85 

7.W) 

5.29 

6.85 

1 

1 .90  • 

if.3if 

4.87 

Loose 

Powder 

1.50 

0.4 

0.4 

Silicon 
Nitride 
+  SIC 

2 

2.2 

_ 

5.65 

7.37 

Silicon 
Nitride 
+  5^  SiC 

'2 

m 

6.97 

5.21 

Silicon 
Nitride 
+  5  •  Carbon 

2 

2.2 

5.47 

5.03 

“Special  hydrostatic  pressing,  remainder  of  pressings 
carried  out  in  steel  dies. 

/After  prolonged  first  tage  nitriding  at  1350°C. 

It  can  be  seen  that  material  vrith  a  density  of  2.2  has  a  ruptuz*e  strength 
of  around  1,0  t.s.i.  at  room  teuoerature  and  slightly  higher  value  at 
1200®C.  frolonged  first  stage  nitriding  at  1350°C  resulted  in  the 
slight  improvement  given  in  'fable  I.  The  best  result  was  obtained  VTith 
hydrostatically  pressed  powder  whica  after  nitriding  had  a  density  of 
2.5  \/ith  a  auren,: -r.  of  10.0  t.s.i.  at  room  tempera .ure ,  rising  to 
13*0  t.s.i.  at  12(y0‘^. 

(iii)  'fhcrmal  Shod:  resistance.  As  a  result  of  its  lo\<  coefficient  of 
expansion,  tiiv  thermal  snoc:;  resistance  of  silicon  nitride  was  e3q)ected 
to  be  unusually  good  for  a  material  of  the  ceramic  typo.  Comiarison 
with  other  irnterials  v/as  made  using  the  fluidised  bed  testing  technique 
developed  b./  the.  I'fational  Gas  lurbine  establishment.  This  test,  in  v^hich 
special  tost  pitre.'s  nr-e  submitted  to  repeated  sharp  thcraal  stress 
gradients,  consists  of  the  rapid  transference  of  a  ^/edge-sectioned  disc 
specimen  (illustrated  in  lips.  12a  and  12b)  from  a  hot  co  a  cold  fluid¬ 
ised  zircon  sand  bed,  and  vice  versa. 


[ 
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By  arranging  for  the  crosa-aectlon  of  the  taper  diac  apeclAon  to  he 
onmparable  with  that  of  the  trailing  edge  of  c  gaa  turbine  blade,  and  by 
adjusting  the  teiqperature  difference  between  the  hot  and  oold  bc^  to  as 
ouch  as  1000%,  it  is  possible  to  make  this  test  very  representative  of 
sarvioe  conditions  in  gas  turbines  presented  by  sudden  "hot  starts"  or 
"blow-outs" •  Results  so  far  obtained,  both  at  and  under  more  * 

closely  oontr'^Ued  conditions  at  ,  indicate  that  it  is  pcssible  to 

subject  small  taper  disc  specimens  of  silicon  nitride  to  as  many  as  30  cycles 
ef  rapid  heating  and  cooling  before  radial  cracks  begin  to  appear  at  the 
edges.  (Thermal  shock  tests  'lave  yet  to  be  carried  out  on  large  taper 
disc  test  pieces  made  from  ailieon  nitride,  produced  by  the  improved  tech¬ 
niques  as  described  later  in  the  report.)  Present  indications  are  that 
in  terms  of  thermal  shock  resistance  ailiocm  nitride  is  one  ef  the  best 
materials  of  its  class,  and  under  some  conditions  approaches  the  thermal 
shock  life  to  be  es^ected  from  metals.  For  more  details  of  the  N.G.r*B. 
work,  and  for  the  oomparative  thermal  shook  resistance  of  other  raftfaetory 
materials  under  this  type  of  test,  reference  should  be  made  to  individual 
N.&.T.E.  reporta'5), 

(iv)  Creep  Strength.  The  creep  strength  of  silicon  nitride  was  evaluated 
on  a  beam  specimen  vMch  was  held  at  a  temperature  of  1200%  and  subjected 
to  4-point  loading  in  the  equipment  illustrated  in  Figs.  20  and  21 .  Tests 
were  carried  out  under  loads  of  I7  t.s.i.  for  periods  up  to  400  hours  on  a 
beam  specimen  of  average  density  of  2.1 ,  having  a  rectangular  cress  section 
of  the  dimensions  given  in  Fig.  20.  Total  defleotion  and  creep  rates  for 
these  testa  are  shown  graphically  in  Fig.  22  in  which  a  comparison  with 
Nimonic  60  at  3  t.s.i.  and  800%  is  provided. 

It  was  generally  considered  from  these  results  that  the  creep  resist¬ 
ance  of  pure  silicon  nitride  at  1200%  was  disappointing,  particularly  on 
material  of  average  production  density.  It  was  therefore  decided  to 
investigate  the  effect  ef  a  fine  dispersion  of  a  hard  stable  compound  which 
could  be  incorporated  during  the  reaction-sintering  process.  Compounds 
employed  separately  were  silica,  alumina,  molybdenum  disulphide,  silicon 
carbide  and  carbon.  The  greatest  improvement  in  creep  strength  was  obtained 
with  a  ^  addition  of  silicon  carbide.  It  was  subsequently  found  that  the 
fineness  of  the  disperskin  was  important,  and  the  best  results  obtained  to 
date  have  been  with  a  3^  or  1C^  addition  of  silicon  carbide  powder  having  a 
very  fine,  mixed  particle  sise,  the  largest  particles  being  no  greater  than 
440  5.S.  mesh.  Some  ef  the  beat  results  obtained  may  be  seen  from  the 
creep  curves  given  in  Fig.  22.  These  indicate  that  a  dispersion  of  silicon 
carbide  in  silicon  nitride  reduces  the  primary  creep,  and  gives  a  low  second¬ 
ary  creep  rate,  so  that  after  300  hours  the  total  deformation  is  only  one 
quarter  of  that  of  pure  silicon  nitride  ef  the  sams  density.  It  is  not 
yet  known  whether  this  creep  stiffening  ia  attributable  to  a  critical  disper¬ 
sion  of  silicon  carbide  throughout  the  silicon  nitride  crystals,  to  a  certain 
degree  of  solid  solutlen  hardening,  or  to  the  jphysioal  Influenoe  of  the 
silicon  carbide  particles  durii;g  the  nitriding  operation. 

Indications  are  that  the  improvement  in  creep  strength  is  associated 
with  the  fineness  of  the  particles  ef  the  silicon  carbide.  In  an  effort 
therefore  to  reduce  the  silioon  carbide  particle  size  even  further,  silioen 
pewder  was  intimately  mixed  with  colloidal  graphite  before  proooeding  with 
the  nitriding  operation,  in  the  hepe  that  fine  silicon  carbide  would  be 
produced  during  the  nitriding  operation.  Creep  tests  carried  out  on 
silicon  nitride  formed  from  silioon  powder  pressings  originally  containir.  • 
3-145^  carbon  are  edso  given  in  Fig.  22,  from  which  it  may  be  seer,  that 
although  some  improvement  has  been  effected  it  is  still  less  than  that 
achieved  with  the  addition  of  fine  silicon  carbide. 

As  might  be  e:q5ected,  density  is  an  important  factor  in  the  creep 
strength  of  silioon  nitride,  as  may  be  seen  frem  the  creep  curves,  obtained 
on  material  v/ith  three  widely  varying  densities,  given  in  Fig.  22a.  The 
creep  strength  of  silicon  nitride  prepared  from  hydrostatically  pressed  powder 
is  absut  the  same  as  that  af  material  o  f  a  lower  density,  but  containing 
a  dispersion  of  silicon  carbide. 
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The  cGoiliined  effect  of  hydrostatic  pressing  and  incorporating  a 

dispersion  of  silicon  carbide  is  olso'shcm  in  Fig.  22a,  tut  this  -curve 

represents  a  single  result  only. 

7*  SDRFACE  TRti'tTMENT  . 

The  inherent  porosity  of  silicon  nitride,  vdth  or  without  silicon  oaibide 
additions,  could  be  a  serious  disadvantage  in  certain  applications*  The 
possibility  sf  developing  a  glate  which  would  be  closely  adherent  and  vdiich 
would  effectively  seal  the  surface  pores  was  therefore  iiivestigatsd.  It  was 
realised  that  such  a  glaze  would  have  to  have  a  coefficient  ef  thermal  expansion 
similar  to  that  of  the  parent  aaterial,and,  if  possible,  shsuld  be  self“healing 
in  the  event  sf  local  rupture.  Silica  appeared  to  be  the  obvious  choice,  but 
the  fomation  of  a  surface  glaze  merely  by  dusting  the  surface  of  the  silicon 
nitride  with  fine  silica  powder  and  then  heating, was  found  t#  be  unsuooessful. 

It  had  been  observed,  however,  that  a  fine  machined  surface  of  silicon  nitride 
tended  to  bocorae  partially  self-glazed  at  tor  prolonged  heating  at  .1200OC  in 
air  when  in  the  presence  of  alumina. 

The  phase  equilibrium  diagram  for  silica  and  alumina,  reproduced  in  Fig.  23> 
indicates  a  low  melting  peint  eutectic  at  A1203*  The  melting  point  of  this 
eutectic  is  further  lowered  in  the  presence  of  iron  oxide.  This  was  further 
suggested  by  the  fact  that,  during  attempts  at  self-glazing,  the  ax)st  promising 
results  were  obtained  at  temperatures  above  1500°C  when  the  sporation  was 
carried  out  on  alumina  tiles,  using  silicon  nitride  oontaiiibig  iron  as  an 
ixBpurity.  Examples  of  areas  glazed  with  Iren-ooulaminated  eilHoa, 
nitride  nozzle  guide  vane,  are  shown  in  Fig.  2i^• 

As  mentioned  in  Section  2  of  this  report,  silicon  nitride,  as  removed  from 
the  reaction-sintering  fUmace,  is  invariably  covered  with  a  fine  white  Aist 
cr  wool.  It  is  essential  to  remove  this  fine  dust  by  brushing,  end  if  possible 
by  burnishing,  befere  a  strongly  adherent  and  even  glaze  can  be  applied.  The 
aurface-glazing  operation  is  thax-oforo  best  carried  out  by  metloulousiy  clesning 
the  surface  of  the  parent  material  before  applying  a  thin  coating  of  a  mixture 
ef  5?  fine  alumina,  95^  silicon  powder  and  25:'  ferric  exi.de,  bound  together  with 
cetyl  alcohol.  The  temperature  of  the  article  to  be  glazed  should  then  be 
slowly  raised  to  1 300-1 500°C  in  an  atmosphere  of  oxygen  for  a  period  of  3-4  hours 
snd  then  allowed  Co  fall  slowly  to  ambient.  A  cross-sectinn  ef  the  surface  of 

silicon  nitride  glazed  in  this  manner,  il.lustrated  in  Fig.  23,  shwwa  the  intimate 
attachment  of  the  eutnotio  to  the  surface  and  its  partial  penetration  into  sub¬ 
surface  cavities. 

When  oxynitride  is  formed  as  a  result  of  the  presence  cf  oxygen  as  an 
impuzlty,  it  is  identifiable  under  the  microscope  as  a  soft  white  compound. 

The  presence,  after  nitriding,  of  this  oxynitride  on  the  curfaoe  of  internal 
oracles  which  have  been  previously  foimed  during  the  pressing  operation,  ia  thought 
tw  have  been  due  to  oxidation  having  taken  place  during  nitriding  as  a  result  sf 
entrapped  oxygen  escaping  along  preferential  paths  offered  by  the  pressing  cracks. 
It  has  been  observed  that  when  once  lined  with  oxynitride,  these  cracks  do  not 
heal  themselves  during  the  ni-triding  process,  nor  is  their  presence  cti  the  sur¬ 
face  masked  by  the  glazing  operation. 

8.  MICROSCaPI  OP  SajjTCO?  NITRTnR 

fin  apparent  variation  in  grain  size  of  fully  nitrided  silicon  may  be  seen 
from  the  surface  appearance  of  the  ground  specimen  illustrated  in  Pig.  26. 

Surfaces  may  be  polished  for  metallographical  examination  at  higher  power,  using 
the  diamond-impregnated  lap  technique  developed  by  the  B.C.R.A. 

The  v/ay  in  which  silicon  is  converted  to  silicon  nitride  by  different 
reaction-sintering  schedules  has  already  been  discussed  in  Section  2,  which 
deals  with  the  nitriding  of  silicon.  Unreacted  silicon  is  readily  identifi.able 
as  bright  islands,  and  sometimes  discrete  particles,  dispersed  throughout  the 
silicon  nitride  matte.  The  Iwrdness  value  of  the  soft  silicon  nitride  matte 
produced  by  reaction-sintering  below  the  melting  point  of  silicon,  compared  with 
unreacted  silicon,  may  be  readily  seen  in  Pig.  27  from  the  relative  microhardneso 
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impressions  made  under  a  standard  load  on  the  Reichert  oiax>luLrdness  indentor.  I’’  '  \ 

Consolidated  silicon  nitride,  formed  ty  further  nitriding  at  has  a 

hardness  similar  to  that  of  silioon«  This  may  he  seen  frca  Fig*  23  which 
shows  an  intermediate  stage  during  the  final  nitriding  operation  at  1450^ 
where  free-gr^lng  crystals  of  Sij^^  converging  from  the  siliccn/matte  inter¬ 
face  ere  converting  the  remain.'^ng  silicon  to  the  consolidated  ions  of  silieqp 
nitride.  The  hardness  cf  this  fern  is  more  than  V.F.K.  and  lies  between 
7  end  9  on  Ifeh's  scale.  Fig.  29  shows  the  stzMoture  when  nltrlding  is  finally 
cosq^ete,  and  gives  the  relatita  hardnesses  of  the  matte  and  consolidated  form. 

Very  prolonged  nitx'iding  at  ';2^°C  results  in  the  appearance  of  islands  of  the 
consolidated  Si^;^  in  the  matte.  This  has  already  been  seen  in  Fig.  3(d)  and 
its  pz<eaence  is  shewn  again  by  the  relative  microhardnass  Intpressions  given  in 
Fig.  30. 

The  matte  formed  during  the  nitriding  of  silicon  ccopeots  produced  by 
hydrostatic  pressing  at  16  t.s.i*  is  ouch  denser  following  the  standard 
nitriding  procedure,  as  may  be  seen  ftnm  the  comparative  hardness  impressinns 
shown  in  Fig.  31 .  Fine  silicon  carbide  particles  dispersed  in  the  'green* 
silicon  powder  pressing  appear  to  be  partly  decomposed  during  the  nitriding 
procedure,  the  unreaoted  materia remaining  dispersed  throughout  the  matte  in 
the  manner  shewn  in  Fig.  32. 

A  combination  of  tho  silicon  carbide  addition  and  the  hydrostatic  pressing 
techniques  produces  a  structure  in  which  there  is  little  difference  in  the 
hardness  values  of  the  uatt^i  and  consolidated  forms.  This  is  illustrated  in 
Fig.  33  which  shows  the  hardness  and  dispersion  of  the  silicon  carbide  particles 
and  the  greater  homogeneity  of  the  matte  and  oons<iLidatod  silicon  nitride  as 
reflected  by  the  uniformity  of  hardness  values.  Fig.  33  should  be  oompared 
with  Fig.  31  and  32  to  see  ti£.  separate  effects  of  hydrostatic  pressing  and 
carbide  additicna.  This  deve ;<.opDent  is  fairly  recent, and  the  resulting 
meohsnloal  properties  suggetn*  that  this  is  the  most  advanced  fbrm  of  the  i-f 

material  yet  produced  for  uiginenring  purposes. 

Rrellminary  ejqperimonts  indicate  that  the  transformation  ffom  to  /? 
silicon  nitride  on  heating  above  1550°C  is  associated  with  softening,  but  this  ^ 

has  yet  to  be  confirmed.  Experiments  Td.th  age  hardening  treatments  of  the 
basic  material  and  that  containing  silicon  carbide  are  visualised. 

9.  FTEID  TRi;J£ 

The  properties  and  ohiiracteristioe  of  silicon  nitride  so  far  ini'estigated 
aroused  siifficient  confidence  for  the  material  to  be  used  in  field  trials. 

Various  components  were  therefore  prepared  for  full-scale  trials  in  the  test 
assemblies  ef  ether  establishnients.  These  included  e}Q>erimontal  gas  turbine 
units  at  the  Admiralty  Engineering  Laboratory,  combustion  chamber  tests  at 
F.A.lw£.T.R.A.D.A. ,  and  trials  in  a  rocket  efflux  at  B.A.E. ,  Westcott. 

(a)  As  Stater  Elade  Material  i 

The  initial  use  envisaged  for  silicon  nitride  was  as  a  stator  blade 
fer  water-cooled  high-temperature  gas  turbines.  Experimental  nozzle 
guide  vanes  were  prepared  and  incorporated  in  a  turbo-blower  unit 
installed  at  the  A.E.L.  The  maximum  operating  temperature  of  this  turbine, 
which  employs  diesel  fuel,  was  75^'°C.  .‘.Ithough  this  temperature  is  mxxoh 
below  that  envisaged  for  silicon  nitride,  the  equipment  presented  a  useful 
opportunity  to  develop  a  technique  for  applying  such  a  material  to  an 
engineering  design. 

It  Y/as  necessary  to  allow  adequate  clearance  during  cold  assembly 
ov/ing  to  the  difference  retv/een  the  ooefficient  of  thermal  expansion  of 
silicon  nitride  stator  blades  and  that  of  the  heat-resistant  steel  housing 
in  -which  tiiey  were  located.  An  example  of  one  of  the  nozzle  guide  vanes  , 

prepared  for  these  trials  has  been  illustrated  in  Pig.  13.  The  vanes  ' 

vrere  provided  v^ith  lugs  which  fitted  easily  into  slots  out  in  the  shroud 
rings.  Tolerances  v/ere  arranged  so  that  YThen  the  blades  were  ’under 
pressure  they  were  in  the  precise  position  demauided  by  the  stator  assembly, 
in  the  manner  shovm  in  Pig.  3U., 

After  .../ 
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After  250  hours  of  intermittent  service  the  nozzle  vane  ring  sets 
removed  and  the  condition  of  the  silicon  nitride  Ttlades  examined.  These 
were  found  to  lie  in  perfect  order,  and  covered  with  a  light  layer  of  combust¬ 
ion  detris  (Pig.  35)* 

Comparative  gas  bending  trials  on  \.afer  specimens  were  carried  out  by 
P.A.h.S.T.R. '-.D./.,  in  a  special  combustion  ohamter  operating  at  teniperatures 
of  about  1200°C  for  periods  of  up  to  200  hours.  The  sections  of  these 
wafers  were  such  that  a  certain  amount  of  bending  due  to  creep  took  place, 
but  there  was  no  sign  whatseever  of  surface  deterioration  which  might  have 
been  expected  to  result  ftou  reaezien  with  fuel  oil  deposits  or  erosion 
by  high  velocity  gas.  In  none  of  these  trials  was  there  evidence  of 
cracking  due  to  thermal  shock. 

The  evaluation  of  silicon  nitride  as  a  material  for  gas  txarbine 
components  is  continuing,  and  there  is  no  reason  to  suspect  that  it  will 
nut  give  entirely  satisfactory  service  provided  that  adequate  provision 
is  made  to  guard  against  its  room-temperature  brittleness  during  assembly. 

Design  philosophy  should  not  follo\.‘  the  conventional  practice  for 
metals  and  alloys, but  should  take  into  account  the  low  coefficient  of 
thental  e:q)ansion  of  this  new  engineerii^g  material.  In  particular, 
local  stress  concentrations  which  could  arise  from  abrupt  changes  in 
section  or  from  local  pressure  exerted  as  a  reault  of  the  securing  arrange¬ 
ments,  should  be  avoided. 

(b)  i'.s  an  Electrical  Insulator 

Owing  to  its  good  thermal  shook  resistance  and  high  electrical 
resistivity,  silicon  nitride  has  a  distinct  use  for  electrical  insulators 
which  are  e^qweted  to  resist  sudden  violent  changes  in  temperature  such 
as  are  encountered  on  rocket-launching  platforms.  Trials  ere  in  hand  at 
R.A.D. ,  Weatcott,  in  which  a  glazed  specimen  similar  to  that  ill'\atrated 
in  Pigs.  14  and  15  is  being  subjected  to  repeated  blasts  from  the  high 
temperature  efflux  of  a  rocket  propellant.  If  successful,  these  trials 
will  encourage  the  further  application  of  this  material  for  rocket  throats. 


In  modern  technology  much  use  is  made  of  crucibles,  thermocouple 
sheaths,  platforms  and  supports  for  advanced  heat  treatment,  and  con¬ 
tainers  for  special  purification  and  diffusion  processes  such  as  are 
employed  in  the  semi-conductor  field.  Silicon  nitride  is  an  ideal 
material  for  such  equipment  due  to  its  exceptional  thermal  shock  resist¬ 
ance  and  complete  inertness  to  molten  metals. 


(d)  Other  Possible  Applications 

..part  from  its  obvious  use  as  an  engineering  material,  silicon  nitride 
has  applications  as  a  dielectric  material. 


Its  thermal  shock  resistance,  and  its  capacity  to  act  as  a  carrier  for 
ether  elements  and  compounds, suggests  that  it  may  also  be  of  use  as  a 
medium  for  holding  neutron-absorbing  elements  in  nuclear  reactor  control 
rods.  ..  dispersion  of  boron  nitride  in  silicon  nitride  has  been 
produced  for  this  purpose.  Silicon  nitride  may  als»  be  used  as  a  supperting 
vehicle  f*r  high  tenperature  catalysts. 

10.  KJT'jRE  WORK 

Much  work  still  remains  to  be  done  en  this  material  from  both  production 
and  evaluation  aspects.  In  particular,  a  fuller  understanding  of  the  factors 
influencing  the  rate  of  nitriding,  such  as  initial  powder  particle  size,  die 
pressures,  higher  final  nitriding  tenperatures,  and  the  use  of  ammonia  instead 
of  nitrogen, is  required. 


The  hydrostatic  pressing  technique  results  in  a  much  harder  product, but  its 
full  influence  on  transverse  rupture,  creep  strength, afid  thermal  shock  resistance 


has  yet/..- 
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haa  yet  to  be  doterciined.  The  combined  effect  of  hydroatatic  preaaing  and 
diaperaion  of  ailicon  carbide  needa  further  intenaive  study. 

There  are  several  other  possible  vaye  of  increasing  the  density  of  the 
material  towards  its  theoretical  value,  which  deserve  investigation.  For 
instance,  it  may  be  possible  to  produce  a  network  of  silicon  nitride,  by  a  , 
preliminary  treatment,  into  which  molten  silicon  can  be  filtered  under  vacuum. 
Such  a  network  may  provide  the  medium  for  nitrogen  transport  to  the  centre  of 
the  product  during  sabsequent  nitriding,  with  the  resultant  production  of  a 
very  dense  material.  The  possibility  of  infiltration  of  other  metals  thrcwgh- 
out  the  silicon  nitride  to  impart  greater  room- tempera taro  ductility  is  being 
explored, and  rhenium  is  to  be  tried  in  this  respect.  The  material  shows  promise 
as  a  good  potential  carrier  for  many  other  elements,  any  of  which  might  influence 
its  physical  and  mechanical  properties  substantially.  The  possible  use  of 
silicon  nitride  particles  as  a  dispersant  in  high  tenq>erature  cermets  is  also 
being  bome  in  mind. 

The  physical  examination  of  ailicon  nitride  in  its  various  forms  and 
stages  of  production  v/ill  be  continued  in  order  to  e^qplaln  some  of  its  proper¬ 
ties  and  thro\>’  more  light  on  manufacturing  techniques.  Thec/-/tf  transform¬ 
ation  above  1550°C,  and  the  influence  of  silicon  carbide  on  the  mechanical 
properties  of  silicon  nitride,  need  further  study. 

Vii'ork  is  already  in  hand  on  a  number  of  these  matters, but  it  is  expected 
that  most  of  the  available  effort  during  the  next  twelve  months  will  be  devoted 
to  the  fabrication  of  specific  components  in  silicon  nitride  in  its  form 

for  trials  in  teat  rigs  and  engines.  This  aspect  of  the  worK  imDIb  for  con¬ 
siderable  technological  developraentj  in  particular,  it  is  essential  to  be  able 
to  produce  a  wide  variety  of  shapes  in  material  of  unifoim  density  and  completejy 
free  from  cracks.  A  means  for  haaling  preaaing  cracks  during  the  nitriding 
operation  would  greatly  facilitate  production  and  the  complete  removal  of 
oxygon  by  outgassing  'green'  compacts  before  uitriding  is  being  considered  in 
this  respect.  It  may  eventually  be  found  that  the  best  product  is  obtained 
by  hydroatatic  pressing  and  nitriding  of  bulk  material  followed  by  diamond- 
machining  to  the  final  shape,  although  this  can  only  be  achieved  by  prolonging 
the  nitriding  procedures.  However,  very  recently,  'green'  die-pressed  shapes 
which  had  been  encased  and  thoroughly  evacuated  in  a  rubber  sac,  and  then 
hydrostatically  pressed  (without  a  preliminary  nitriding  operation  as  used  in 
the  method  described  at  the  end  of  Section  4),  have  been  found  to  have  good 
uniformity  and  adequate  'green'  strength  to  permit  light  machining  operations. 
This  latest  development  shows  much  promise,  not  only  for  the  production  of 
sound  bodies,  but  also  to  impart  a  high  degree  of  mechanical  strength  in  the 
end  product.  E3g)loration  of  the  properties  of  silicon  nitride  at  temperatures 
above  1200®C  is  in  hand. 

For  many  applications,  where  high  density  in  the  end  product  is  of  second¬ 
ary  importance,  and  perhaps  even  undesirable,  it  may  be  more  convenient  to 
produce  the  required  shape  by  slip-casting  methods.  The  use  of  defiocculating 
and  mould  release  agents  to  facilitate  this  proobqst,  and  perhaps  also  the 
extrusion  process,  has  yet  to  be  examined. 

11.  CCWCIHSICNS 


Silicon  nitride  appears  to  be  a  most  interesting  material  for  engineering 
applications.  The  experiments  described  show  that  it  can  be  pi-oduoed  in  a 
variety  of  conditions  and  in  any  shape  required, and  that  it  will  give  service  up 
to  at  least  ICfO*^  under  fairly  high  stress  intensities. 

It  is  apparent  that  its  transverse  strength  and  creep  strength  are  consider¬ 
ably  influenced  by  the  degree  of  densification  that  can  be  imposed  d'uring 
production,  and  that  creep'  strength  is  further  influenced  by  the  presence  of  a 
critical  dispersion  of  silicon  carbide. 

These  properties,  canbined  with  good  thermal  shock  resistance,  conmiend  it 
for  development  in  small-scale  production. 
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The  engineering  design  cl  silicon  nitride  shapes  calls  for  special 
ocweidei-ation  of  such  factors  as  mininisation  of  stress  concentrations,  expan¬ 
sion  tolerances  and  roasonalle  care  in  handling  during  assembly,  although  this 
latter  point  has  not  been  an  embarrassment  in  the  field  trials  that  are  now 
proceeding# 
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Tho  lorcJ>tioi>  os'  u  ji'.i.!. 
of  ailiccn  nltrids  oi  the 
surface  of  Xtnp  sillccn,  by 
nltridlns  at  1350*^''- 

jurfaoo 

X  500 


i'ig.  3(a, 

.he  first  stages  In  the 
nltridln  of  slilccn  Powder. 
The  angular  partiolei  of 
silicon  are  loosely  held  to¬ 
gether  by  Silicon  Nitride 
produced  by  nitriding,  at 
1250<ii.  for  a  few  hours. 

X  250 


Pig.  3(b) 

The  appearance  of  seiai- 
nitrlued  silicon.  Partiaiiy 
reacted  partioies  of  silicon 
are  disperses  in  a  porous 
matte  of  silicon  nitride 
crystals  after  nitriding  at 
1250°C.  for  10  hours. 

X  250 


Pig.  3(c) 

fu.l/  nltrided  silicon 
powder  achieves  by  nitrlair.t, 
ot  125OCI.  for  16  hours, 
followed  by  0  furtner  16  hours 
St  1ii50°J.  Light  oroso  are  t 
porous  silicon  nitrloe  oaatte 
and  the  darker  grey  zones  are 
the  harj,  ccnaolidated  ..iliccn 
nitride. 
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■ia  ji-nitrld«d  aiUcai 
pcwdor  after  130  hours  at 
1250'^.  The  pertlany  re- 
soted  silicon  psrtlcies  are 
dispersed  in  a  dense  -aatte 
of  silicon  crystals  which  is 
t>e(,innin,;  to  develop  a  nsrd 
ond  dense  sKeletcn. 
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Kvldenoe  of  froo  browm. 
crystals  of  silicon  nitrice 
axhibitinp  hexagonal  forms  in 
silicon  powder  which  has  been 
partially  nitridsd  at  1250 
and  1if50‘’0. 
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Flo.  18  Actual  aize 


Heduction  in  cross  sectional  area 
of  8  bloc/c  of  siliccn  nitride 
nested  in  argon  at  a  teaiperature 
^icn  reached  1700^0  at  one  end, 
but  gradually  decreased  toward 
the  other  end. 


FIG.  23 

Al20^  -  Si02  Phase  diagram 

N,  L.  Bowei  and  J.W,  Grcig^J .Amer, Ceram, Soc, , 

2(1 9a.)  21.2. 

(Iron  oxide  is  said  tc  lower  tne  eutectic 
temperature) 


I  «oo 


f/s  L  f\/ 


i’iS*  27.  X325 

Psrtielly  nitrldad  ailioon.  Islands  of  unraaotad 


siliccn  in  a  porous  matta  of  allioen  nitrlda  pro¬ 
duced  by  nltrldin^  for  16  hours  at  13500c.  Ralativa 
hardnasaas  ara  Indioatad  by  the  aiaa  of  tha  dlaaeod 
iapraaalcaa. 


i'ig.  28.  X325 

Partial  convarsion  of  the  unraachad  silicon,  ahoan 
above,  to  a  oonsolidatad  form  of  siliocn  nltrida  by 
further  nltridin^,  at  1450*^.  The  hardness  of  the 
developinf  3iy<'i  is  approximately  sioilar  to  that  of 
t.^o  ramaininj-  Silicon. 


29.  X325 

^■.ly  nitriued  silicon  nitride  after  16  hours  at 
1250OC.  follcwrad  by  a  further  16  hours  at  145003. 
The  relative  hardness  of  the  matte  and  ocnsoli- 
datej  Siliocn  nitride  la  showi  by  the  adjeoent 
microharonoss  Impressions. 
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Wg,  30«  XJ25, 

Thd  proAiction  of  ialanda  of  oonaolidatad  SUioon 
ift  tha  Sllioon  Mltrida  atatta  by  proloQgad 
nitrldlng  (150  houra)  at  1250^.  -  aa  xavaalad  by 
osparatlwa  bioroharteaaa  tapnaaloBa. 


•  X325. 

Kiorohardnaas  iapraaaioDs  ahcTwln;  the  increaaad 
i?*ff!?***  ^  Sllioon  Nitride  matte  asaociated  with 

witial  hydrostatic  pressing  of  tha  Silicon  powder. 

The  hardness  of  the  consolidated  Silicon  Nitride  renalns 


Fig.  32.  X325. 

Ulcrostruoturs  and  oonparatir*  hardtwaa  raluaa  of  Silioon 
Nitride  containing  a  3«  diaperaion  of  fine  partiolea  of 
Siliocn  Carbide.  This  aateriel  was  produoed  by  the  atan" 
dard  dia-preaalng  teotanique  followed  by  nitriding  at  1230%. 
and  1450%,  Microhardnass  imprasslcna  are  ahown  cn  the 
matte,  the  consolidated  Silioon  nitride,  the  unraaoted 
Siliocn  and  on  one  of  the  Silioon  Caxblde  partiolea.  The 
lest  laantioned  gave  the  somllest  lotpresaion  under  standard 
oonparative  loads. 
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Fig.  33.  X325. 

Silioon  Nitride  contalnin-'  a  dispersion  of  Silicon  Carbide 
similar  to  that  shown  in  Fig.  32,  but  produced  by  ttje  hydro¬ 
static  pressing  technique.  Luicrohardness  impressions  Indicate 
that  the  matte  of  this  material  has  a  hardness  similar  tolhat 
of  the  consolidated  Silison  Nitride  and  unoombinsd  Silioon 
Carbide. 
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